The aim of this article is to examine how the European Association of Cardiovascular Imaging (EACVI) and the American Society of Echocardiography (ASE) recommendations on the classification of diastolic dysfunction (DDF) are interpreted in the scientific community and to explore how variations in the DDF definition affect the reported prevalence.
Introduction
In the guidelines endorsed by the European Association of Cardiovascular Imaging (EACVI) and the American Society of Echocardiography (ASE), it is recommended that echocardiographic reports should contain information on the presence and grade of left ventricular (LV) diastolic dysfunction (DDF) when the technical quality is adequate and the findings are not equivocal. 1, 2 An algorithm structured as a two-level decision tree is proposed in which early diastolic myocardial tissue velocities and left atrial (LA) volume indexed by body surface area (LAVi) provide information on the presence or absence of DDF at the first branch point. Subsequently, at a second branch point, more traditional diastolic Doppler variables are used to grade patients with DDF into mild (grade I), intermediate (grade II), or severe (grade III). However, the algorithm, as presented in the EACVI/ASE document, is not unequivocal as no guidance is given on how to handle discordant measurements. The effect of these ambiguities can be seen in less than optimal interreader agreement, with kappa values of 0.71-0.76 even when interpreters were given the same pre-measured variables. 3, 4 Additionally, reports indicate that large differences in DDF definitions exist between studies. 5, 6 As the concordance of measures of diastolic function has been shown to be poor, 7 even small differences in the specific algorithm used can be expected to yield large differences in subject classification and prevalence. To our knowledge, no systematic review has been performed to study how the definitions of DDF varied between studies claiming adherence to the EACVI/ASE recommendations, nor has the effect of such variations on the reported prevalence been described previously. We aimed to explore how the EACVI/ASE diagnostic scheme has been interpreted in the scientific community by means of a systematic literature review and subsequent analysis of the consequences of using different interpretations of definitions on the prevalence of DDF in a community-based sample.
Methods

Systematic literature review
Studies citing the EACVI/ASE consensus document 'Recommendations for the evaluation of left ventricular diastolic function by echocardiography' published in the European Journal of Echocardiography in 2009 were identified through the Thomson Reuters Web of Science Citation Index on 3 December 2014 (n ¼ 498). Articles with titles and/or abstracts containing relevant key phrases ('diastolic function', 'diastolic dysfunction', 'ddf', 'diastolic left ventricular dysfunction', 'diastolic lv dysfunction', 'diastolic heart failure', 'dhf', 'heart failure with preserved/normal ejection fraction', 'hfnef', and 'hfpef') were identified and retained (n ¼ 256). The titles and abstracts of these studies were screened, and clinical studies on adult human populations employing echocardiography written in the English language were retained (n ¼ 197). Finally, full-text versions of these articles were reviewed and all studies that (i) classified subjects by the presence or absence of DDF, (ii) specified which variables had been used for the classification, and (iii) cited the EACVI/ASE document as the source of classification were included in the study (n ¼ 60).
Included studies were subsequently analysed and coded independently by two researchers (J.S. and P.H.). Consensus was sought when coding differed. The following criteria were used for coding.
(i) Algorithm for classification of DDF specified-yes or no.
(ii) Grading of DDF into grade I, II, or III or similar present-yes or no. (iii) If grading was present, was the classification of DDF and grading carried out by a one-level classification tree (criteria were presented for each grade and DDF was defined as fulfilment of the criteria for any one of these grades) or a two-level classification tree (criteria for DDF were defined and, if fulfilled, subsequent grading took place with additional variables)?
If the variables used for classification had been specified, these variables were recorded. If a two-level classification tree had been used, the variables used for DDF classification and subsequent grading were recorded separately. If multiple parameters had been used within one level of the classification tree, the logical operator used was recorded; in the context of the classification algorithms described, the words 'and' and 'or' were interpreted as the logical operators AND (all listed criteria had to be fulfilled) and OR (at least one of the listed criteria had to be fulfilled), respectively.
Study population
The participants were recruited from the control group of the Västman- , and to be in New York Heart Association class I. In addition, the concentration of N-terminal pro-brain natriuretic peptide (NT-proBNP) was required to be ,125 pg/mL. 9 A high-risk subgroup (n ¼ 344) was also created with subjects who were prescribed any cardiovascular or antihypertensive medication or who had a history of myocardial infarction, angina pectoris, TIA/stroke, diabetes mellitus, or hypertension. The study was approved by the Ethics Committee of Uppsala University, Sweden (Dnr 2005:382). All participants gave their written informed consent.
Echocardiography
The methods used for the echocardiographic measurements and calculations have been described in detail elsewhere. 10, 11 In short, measurements of the linear dimensions of the LV and calculations of the LV mass were performed, according to the EACVI/ASE recommendations. 12 The LV mass index (LVMi) was calculated by dividing the LV mass by the body surface area. LV hypertrophy was defined as an LVMi above age-and genderspecific upper reference limits. 8 In subjects with adequate image quality, LVEF was obtained by the biplane Simpson's rule, 12 and in the remaining cases, LVEF was visually estimated as normal (LVEF . 55%) or mildly to severely depressed. For the assessment of LA volume, the single-plane modified Simpson's rule was used in the apical four-chamber view in the frame immediately preceding mitral valve opening. LAVi was calculated as the LA volume divided by the body surface area. The peak early (E) and late (A) transmitral diastolic flow velocities, the E/A ratio, and the deceleration time of the early filling velocity were obtained at the peak of the mitral leaflets. The peak velocity of the early diastolic wave (E ′ ) was measured using pulsed-wave tissue Doppler with the sample volume close to the mitral valve annulus in the apical four-chamber view in the septal (E ′ sep) and lateral (E ′ lat) walls. The E/E ′ ratio was calculated on the basis of the transmitral E wave and the average of E ′ lat and E ′ sep (E ′ avg).
Statistical analysis
Continuous data were expressed as mean + standard deviation (SD) and categorical data as counts and percentages. Skewed continuous data (i.e. NT-proBNP) were expressed as the median and interquartile range. Continuous variables were compared using the Wilcoxon ranksum test. Categorical variables were compared using the Fisher's exact test. The results were regarded as significant when P , 0.05. STATA version 12.1 (StataCorp LP, College Station, TX, USA) was used for all statistical analyses. Area-proportional ellipse-based Euler diagrams were created using the open-source software eulerAPE v3. 13 
Results
Systematic literature review
In all included studies (n ¼ 60), a classification of DDF, with or without grading, was presented, and the EACVI/ASE recommendations were cited as the source of this classification. In 13 of these, the variables used for DDF classification were presented but no classification algorithm was specified. In the remaining 47 articles, a classification algorithm was described: 13 studies used a one-level classification tree, 18 studies used a two-level classification tree, and 16 studies only defined the criteria for DDF without any grading. In studies using a one-level classification tree, E ′ and LAVi were used in 1 study out of 13, whereas in studies utilizing a two-level classification tree, E ′ was used in 16 and LA size measurements in 7 of the 18 studies ( Table 1) . A summary of how the different variables were combined, ignoring the logical operators used, is displayed in Table 2 .
The most common combination, studies in which E ′ (septal and/or lateral or averaged) and a measurement of LA size were the only parameters used to define DDF, was seen in 17 of the 47 studies (14 of these used a two-level classification tree and in 3 studies no grading was performed). A summary of the detailed DDF definitions used in these 17 studies, including the logical operators, is shown in Table 3 . In eight studies, a singular parameter was used (E ′ sep , 8, E ′ lat , 10, E ′ avg , 9, or LAVi . 34). In two studies, the logical operator AND was used to combine two or more parameters, whereas the remaining seven studies used the logical operator OR. LAVi was used in 7 of the 17 studies.
Prevalence study
The basic characteristics of the study population and the low-and high-risk subgroups are shown in Table 4 . In Table 5 , the effect on the prevalence of using several possible interpretations of the EAC-VI/ASE definition is shown. To further illustrate how the choice of variables and logical operators affected the prevalence, areaproportionate Euler diagrams illustrating the overlap of abnormal E ′ and LAVi in our study population are shown in Figure 1 .
Discussion
In point-an interpretation that we believe most closely resembles the EACVI/ASE standpoint-there were numerous variants of the actual definition of DDF. Finally, the data show that these differences in interpretation have a huge impact on the obtained prevalence in a community-based sample. Early attempts to classify diastolic function relied mainly on mitral inflow parameters. Over time, numerous additional parameters have been introduced. Each new parameter has had its inherent shortcomings, and no single parameter could describe the complexities of diastolic function on its own. 14 The proposed solution has been to use a multiparametric approach by taking into account several parameters simultaneously. 15 However, relatively sparse data exist on how these parameters should be weighted, and although the current guidelines present a list of parameters with suggested cut-offs, the integration of these is left to individual judgement. We observed substantial differences with respect to the variables and logical operators used, and the overall structure of the classification tree between the studies reviewed. Among studies in which DDF was graded, two distinct strategies could be discerned. First, a one-level decision tree was utilized, in which the criteria for each grade were presented and DDF was defined as the fulfilment of the criteria for any one of these grades. Secondly, a two-level decision tree was utilized in which criteria for DDF was defined, and in a subsequent step, grading of DDF with the aid of additional parameters was performed. Such disparate strategies in studies citing the same recommendations are noteworthy.
A substantial minority of the studies reviewed used only E ′ and/or LAVi to define DDF. We believe that this approach most closely resembles the intention of the EACVI/ASE recommendations. However, even among these studies, there was considerable heterogeneity with regard to the specific definition used ( 
E/A, E/E ′ , DT, and IVRT (n ¼ 1) 
Categorical variables presented as counts and percentages and continuous variables as mean + SD, except for NT-proBNP in which the median and interquartile ranges were used because the distribution was non-normal. LV, left ventricle; LVMi, LV mass index; LAVi, left atrial volume index; E, early mitral inflow velocity; A, late mitral inflow velocity; E ′ , early myocardial tissue velocity; E ′ avg, E ′ averaged for septal and lateral walls; E ′ sep, E ′ of the septal wall; E ′ lat, E ′ of the lateral wall. a P-value for differences between the low-and high-risk subgroups.
( Table 5 ). Several of these interpretations were encountered in the studies reviewed. Using the EACVI/ASE-endorsed fixed cut-offs, the prevalence of DDF calculated for the entire study group varied between 12 and 84% depending on the diagnostic algorithm used and between 1 and 67% in the low-risk subgroup. Because of the exclusion of subjects with exertional dyspnoea, diabetes, hypertension, ischaemic heart disease, obesity, LV hypertrophy, and elevated NT-proBNP from the low-risk subgroup, the prevalence of clinically relevant DDF could reasonably be expected to be very low. If we make the assumption that the true prevalence of DDF was well below 10% in this low-risk subgroup, it was evident that strategies that did not utilize LAVi and strategies that used the logical operator OR severely overestimated the prevalence of DDF (36 -67%). Consequently, the specificity of such strategies will be poor. Only algorithms utilizing LAVi in combination with the logical operator AND resulted in what might be considered a reasonable prevalence of DDF in the low-risk subgroup. However, owing to the use of the logical operator AND, such DDF definitions are incompatible with the frequently stated fact that grade I DDF can be observed with normal LA size. 1 Furthermore, in these algorithms, DDF classification will depend almost entirely on LAVi, whereas E ′ will have only a minor impact.
The large influence of LAVi stems from the fact that almost all of the subjects with increased atrial size had E ′ lat or E ′ sep below the cut-offs, whereas most subjects with low E ′ lat or E ′ sep had normal atrial size, as can be seen in Figure 1A . The large difference in the prevalence of high LAVi and low E ′ , respectively, as can be observed in Figure 1 , is explained by the closeness of the proposed cut-off for LAVi of 34 mL/m2 to the upper normal limit (mean + 2SD) of about 37 mL/m 2 in healthy subjects, 8 whereas the proposed cut-offs of 8 cm/s for E ′ sep and 10 cm/s for E ′ lat are close to the 'mean' of healthy middle-aged subjects reported in several studies. 16 -19 Thus, the prevalence of abnormal LAVi of 5%, E ′ sep of 50%, and E ′ lat of 51% found in our low-risk subgroup is very much in line with what can be expected.
The EACVI/ASE recommendations for the evaluation of LV diastolic function provide a comprehensive overview of the full range of echocardiographic methods for evaluating diagnostic function and also provide a validated algorithm for the prediction of elevated filling pressures. 20 However, the proposed classification scheme for DDF may benefit from some improvements. The ambiguities of the classification scheme result in a less than optimal interobserver agreement, as identified by others, 3, 4 and large interstudy differences with regard to the method of classification, as demonstrated in this study. The latter can potentially make interstudy comparison difficult and hazardous because subject classification can vary substantially between studies. Our observation is not unique, as the large variance in DDF definition across studies has also been observed by others. 5, 6 Furthermore, the sensitivity of the EACVI/ ASE algorithm for identifying subjects with heart failure with preserved ejection fraction has been questioned previously, 21 and our data indicate that some interpretations of the algorithm most likely lack specificity. We believe that if the EACVI/ASE two-level classification scheme is to be used, it has to be revised and clarified.
With the improvement of specificity in mind, one potential solution could be to keep the proposed cut-offs for LAVi, E ′ sep, and E ′ lat and stress the use of AND as the logical operator, accepting the fact that the resulting DDF classification will be driven mainly by LA dilatation. Such a strategy resulted in a reasonable DDF prevalence of 1% in our low-risk subgroup. Another potential solution could be to adjust the E ′ sep, E ′ lat, and LAVi cut-offs so that they more closely resemble the age-specific reference limits in healthy populations. Age-specific limits, which are more restrictive than the cut-offs endorsed by the EACVI/ASE, 16 -19 might make the use of OR as the logical operator possible without introducing large proportions of false positives. This would allow for classification of DDF in subjects with normal atrial size. The use of age-specific reference limits, in the context of DDF classification, has been advocated by others. 19 However, how the potential alterations outlined in the discussion ) with low myocardial tissue velocities in the septal (E ′ sep , 8 cm/s) and lateral (E ′ lat , 10 cm/s) walls in all participants (A; n ¼ 714), the low-risk subgroup (B; n ¼ 129), and the high-risk subgroup (C; n ¼ 344), respectively. The central overlapping of all three ellipsoids corresponds to the use of the logical operator AND, whereas the total area of all three ellipsoids corresponds to the use of OR. For combinatorial prevalences, see Table 5 .
above would affect the diagnostic accuracy for identifying DDF cannot be discerned from our data owing to the lack of a reference method.
Limitations
There are several limitations to this study. First, a selection bias with regard to reviewed studies is possible because only articles referring to the EACVI/ASE recommendations as published in the European Journal of Echocardiography and not the Journal of the American Society of Echocardiography were included. In addition, inclusion was limited by the presence of defined key phrases in the title/abstract of the screened studies. The full inclusion of all studies citing the EACVI/ ASE recommendations might have altered the relative frequency of different interpretations, but it would not have changed the main finding that a multitude of different interpretations exist in the published literature. Secondly, the coding of reviewed studies was sometimes difficult because of vague classification definitions. This was addressed by independent coding by two researchers, where any disagreement was resolved by consensus. However, it is possible that in some cases we interpreted the DDF definitions in a different way from what was intended by the authors. Thirdly, because no gold standard for DDF was available, the diagnostic accuracy of different DDF classification scheme interpretations could not be established, and the discussion of specificity was based on the presumed successful exclusion of subjects with DDF from our lowrisk subgroup. Finally, LA volumes were calculated by the monoplane rather than the biplane Simpson's rule, as recommended by the guidelines. Because the cut-off of 34 mL/m 2 is based on biplane measurements, our approach might have resulted in a slight over- 22 or underestimation 8, 19 of the prevalence of atrial dilatation.
Conclusions
In this study, we have demonstrated that the EACVI/ASE recommendations for the evaluation of LV diastolic function by echocardiography have been interpreted differently across studies with regard to the classification of DDF. Furthermore, the findings show that these differences are important and can have a huge impact on subject classification and the obtained prevalence in a communitybased sample. Further research that is focused on the development and validation of multiparametric algorithms for the classification of diastolic function is needed.
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